
- 

December  1966 

MI1 

USCEE Report  183 

UNIVERSITY OF SOUTHERN CALIFORNIA 

SCHOOL OF ENGINEERING 

FINAL REPORT 

JLIMETER-WAVE RADIOMETRY FOR RADIO ASTRONOMY 

W. V. T. R u s c h  
S. D. Slobin 
C. T. Ste lzr ied  

Contract No. J P L  951424 

Prepared  for  

JET PROPULSION LABORATORY 
-G PASADENA, CALIFORNIA 

ELECTRONIC SCIENCES LABORATORY 



I 

i 
J 

I *' 
I 

December 1966 USCEE Report 183 

MILLIME TER-WAVE RADIOMETRY FOR RADIO ASTRONOMY 

W. V. T. Rusch 
S. D. Slobin 
C. T. Stelzried 

FINAL REPORT 

Contract N o .  JPL 951424 

This work was performed for the Je t  Propulsion Laboratory, 
California Institute of Technology, sponsored by the 
National Aeronautics and Space Administration under 
Contract NAS7-100. 

Prepared  f o r  

J E T  PROP ULSION LABORATORY 
PASADENA, CALIFORNIA 



T A B L E  OF C O N T E N T S  

I. HISTORY O F  THE P R O G R A M  . . . . . . . . . . . . . . .  1 

11, INS T R  U ME N TA T IO N D E  V E  L O P  M E  N T . . . . . . . . . . .  3 

111. AN TF NNA D E  V E  L O P M E N T  . . . . . . . . . . . . . . . .  4 

A .  Feedhorn R e d e s i g n  . . . . . . . . . . . . . . . . . .  4 
B.  Nodding  S u b d i s h  . . . . . . . . . . . . . . . . . . .  7 

1.  A n a l y s i s  . . . . . . . . . . . . . . . . . . . .  7 
2 .  Mechanical C o n s t r u c t i o n  and Performance . . . . .  11 
3 .  R F  P e r f o r m a n c e .  1 7  . . . . . . . . . . . . . . . .  

IV. S O L A R  O B S E R V A T I O N S .  . . . . . . . . . . . . . . . . .  20 

V. L U N A T I O N  O B S E R V A T I O N S  . . . . . . . . . . . . . . . .  2 3  

2 5  VI. P U B L I C A T I O N S  . . . . . . . . . . . . . . . . . . . . .  

, 26 

31 

A P P E N D I X  . . . . . . . . . . . . . . . . . . . . . . . . . .  

R E F E R E N C E S  . . . . . . . . . . . . . . . . . . . . . . . .  

32 A C K N O W L E D G E M E N T  . . . . . . . . . . . . . . . . . . . . .  



I. HISTORY OF THE PROGRAM 

In September,  1963, the mm-wave instrumentation program was initi- 

ated a s  a joint e f for t  between the Jet Propulsion Laboratory and the Electr i -  

cal  Engineering Department of the University of Southern California. 

J P L  participation was conducted through the New Circuit Elements Group o i  

the Communications Elements Research Section, which provided equipment 

and personnel involved pr imari ly  with the electronir instrumentation. 

The Electr ical  Engineering Department contributed the antenna, a con- 

The 

verted 60-inch searchlight.  

and feed sys tem,  the associated drive system, etc .  USC personnel a l so  

directed the astronomical aspects  of observation of the lunar eclipse of 30 

December 1963. 

participation was sponsored by a grant f rom the Research Corporation, Con- 

t r ac t  AJ4-205 638 f rom J P L ,  and financial support for sa la r ies  and equip- 

ment  f r o m  the EE Department,  Joint Services Grant, AF-AFOSR-495-64. 

Personnel were provided to design the antenna 

During the period f rom September 1963 to July 1964 USC 

In August, 1964 a JPL study contract was issued to the USC Electri-  

ca l  Engineering Department (JPL Contract No.  951 004). The purpose of 

this contract  was to investigate and develop high sensitivity MM-wave re -  

ce ivers  and the techniques of their application to scientific and technological 

experimentation, 

31 July 1965; however, a two-month extension changed the termination date 

to 30 September 1965. A second study contract  ( J P L  Contract No.  951 424) 

was issued to cover the period from 1 October 1965 to 15 September 1966. 

This contract  continued the previous work as  a joint JPL-USC program.  

The original contract period was from 1 August 1964 to 

The 
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mm-wave radiometer and associated electronic technologies were the pri-  

mary  a r e a s  of interest  and responsibility of JPL, although there was con- 

siderable participation by USC personnel i n  the design and assembly stages of 

the radiometer ,  particularly during the summer months. The chief responsi- 

bilities of the USC personnel were antenna design and performance, the 

scientific observational program, the theoretical analyses,  and data reduction. 

The overal l  long-range planning of the entire program was a mutual effort. 

- 2 -  
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11. INSTRUMENTATION DEVELOPMENT 

Since the sys tem used fo r  lunation measurements  during the summer  

of 1965 (Ref. 1) was close to the ultimate development goals, a grea t  deal of 

new equipment was not developed during the period covered by this present  

report .  Minor adjustments and updating oi  exisLiIlg eyuipiiit:iit %ere z z r r i e d  

out to provide an adequate operating sys tem f o r  the lunar and solar  obser- 

vations. 

A TRG, Inc. f e r r i t e  waveguide switch was installed to replace a 

Similarly, long usage had deteriorating and well-used existing switch. 

degraded the output of the Tucor,  Inc. gas  tube and this was replaced by 

an ITT, Inc. gas tube. Various combinations of mixer  diodes were tr ied 

to minimize the receiver  noise figure. 

to reduce signal l o s s  between the waveguide horn and the mixer .  

A new waveguide run was installed 

Following the lunar and solar observations and antenna pattern 

measurements ,  i t  was decided to install a commercially available radio- 

m e t e r  Ilrear-end" in the existing system. 

2392B Universal  Radiometer) replaced par t  of the IF amplifiers,  the 

Princeton, Inc. phase detector,  and pa r t s  of the DC signal system, The 

advantages of having a commercial  radiometer a r e  ease  of servicing, 

commerc ia l  availability of par ts ,  and compatibility with many types of 

existing instrumentation. 

the original sys t em and the AIL Radiometer and will be reported in the 

next r epor t  

This radiometer (AIL type 

Quantitative comparisons will be made between 
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111. ANTENNA DEVELOPMENT 

A. Feedhorn Redesign 

One component of the original radiometer needing improvement was the 

antenna feedhorn. Cassegrainian optics are  used in  the antenna, and the 

feedhorn illuminates the hyperboloidal subreflector.  It is hlghiy desirabie 

that the  feedhorn have an axially symmetr ic  pattern,  a relatively narrow beam, 

and low sidelobes to  minimize forward spillover. The original feedhorn used 

in the radiometer  was a dual-mode circular  horn with a matching iris (Ref .  2 ) .  

However, in the haste  t o  design this horn for the 1963 eclipse, only a minimum 

effort was devoted to optimizing the design. 

Fur thermore ,  because of the matching i r i s ,  the dual-mode configuration 

Currently available 90-Gc klystrons,  which a r e  used in  is  quite nar row band. 

the radiometer  as a local oscil lator,  a r e  not well frequency-stabilized. 

result ing frequency instability in a narrow-band rf front end leads to  degrada- 

tion of radiometer  gain and sensitivity. Consequently, it was felt desirable  to  

incorporate  a different feedhorn configuration in the radiometer.  

The 

The design selected w a s  the diagonal-horn type (Ref. 3 ) .  The horn 

(shown inFigures  1 and 2 )  consists of t h ree  regions: an  E-band waveguide 

region with flange, a transit ion region, and a long, tapered region with 

rotated square  cross-sect ion.  The completed unit was gold flashed. The 

measu red  VSWR was l e s s  than 1.05 over a frequency range f r o m  89.60 Gc 

to  90. 30 Gc. 

- 4- 
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B. Nodding Subdish 

The development of a nodding subdish beam- switching sys tem has  been 

the major  project of the contract  period. 

fabr icate ,  and t e s t  the subdish itself, it was also necessary  to  c a r r y  out a 

det-ilec! t h e ~ r e t i c a l  a n a l y s i s  of the electromagnetic aspects  of the problem. 

Not only was i t  necessary  to  design, 

A prel iminary description of the nodding subdish sys tem may be found in the 

l a s t  final repor t  (Ref. 1). 

1 .  Theoretical Analysis - Scattering f r o m  an asymmetr ic  

hyperboloid has  been solved previously in the l i terature  (Ref. 5) using the 

techniques of geometrical  optics. In order  to obtain more  accurate  expres-  

sions for important diffraction effects, the problem of scattering f r o m  a 

tilted hyperboloid was solved using vector diffraction theory. The geometry 

is shown in Figure 3 .  

The hyperboloid is axially symmetr ic  in the x3 , z3  system. The 

equation for its surface in  this system i s  

where 1 

[Eqn 11 
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The pr imary  field emanates from 0 (in the x 

wave and impinges on the hyperboloid. 

z sys tem)  in the form of 1 ’  1 

a spherical  

the field point P is (Ref. 1) 

The scat tered field at 

- jk r  
r e  1 4s LEqn 21 

- - i w U  i’ c- - 
. L  2rr j ~n x H. 1 E ( P )  = - 

1 r t r ansve r se  

For  ease  of solution, the integration i s  ca r r i ed  out in the x z system. 3 ’  3 

However, in o rde r  to  compute the field scat tered f rom the paraboloid, it  i s  
- 

necessary  to  evaluate the scat tered field E(P) in the x z system. Thus, three 2 ’  2 

coordinate sys tems a r e  involved in the problem. 

Evaluating factors  in the integrand, and performing necessary  coordinate 

t ransformations,  the following multi-coordinate expressions a r e  obtained: 

3 s in  8 

(1 t e COS e ) z  
a 

3 -jkR R s -j(kep) e 
E e ( P )  = 2TT 

8 
0 

tcos e c o s  e 

[Eqn 31 
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sin 8 

R 
(1 t e cos 8 ) 2 3 

- jkR i - j (kep)  e 
2 n  

E (P) = 
cp 

8 
0 

where A(@ ) = pr imary  source feed function 
1 

M(03, cp ) = (DH-EG) cos 8 cos cp t (EF-CH) cos 8 sin Cp t 
(CG-DF) ( - s in  8 )  

3 

N(e3. cp,) = (DH-EG) ( - s in  c p )  + (EF-CH) cos cp 

~ ( 8 ~ ’  cp3) = cos q s i n e  cos cp ) - sin a ( e +  cos e ) 

D(e3’ cp ) = sin 8 

E(8 y c p ) = s i n a ( s i n 8  c o s c p ) t c o s a , ( e t c o s 8  ) 

F(8 CP,) = (1 t cos 8 ) sin cpl 

G(OlY cp,) = cos 8 sin cp - cos cp 

H(8  cp ) = - s i n 8  s in  cp 1 1  1 1 

3 3 3 
and 

3 sin cp 3 3 

3 3  3 3 3 

1 1 1 cos cp 

2 2 
1 1 1 

kP1’ kP2’ e l ’  cpl’ 02’ cp2 a r e  a l l  related through 
coordinate transformations 
to  8 and cp 3 3 

coordinate sys tem 2’ z 2  Ee(P), E (P) a r e  re fer red  to the x 
CP 

Numerical integration of Equations 3 and 4 has been undertaken. The 

result ing computer program is shown in the Appendix. 
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I 2 .  Mechanical Construction and Performance - The nodding 

subdish moves between two off-axis positions, symmetr ic  with respect  to 

the centerline of the operating mechanism. The axis about which the dish 

moves may be  indexed to give movement in any desired direction. Provision 

is a l so  made for  focussing the subdish by means of a n  internal motor ,  gear 

dr ive,  and lead screw.  Located on the back of the subdish i s  a small  cam 

follower and two smal l  bearings.  Located on the circular  counterweight 

a r e  s imi la r  c a m  follower and s imilar  bearings.  
< 

The four bearings fit into 

a holder located in a fixed position with respect  to the adjustment plate. 

The c a m  followers f i t  into a two-track c a m  wheel which is driven by an ex- 

te rna l  motor.  All these various par ts  may be seen in Figures  4 through 10. 

Rotation of the cam wheel causes approximate l lsquare-wavell  motion 

The subdish remains in one off- of both the subdish and the counterweight. 

axis position for  about 4570 of the rotation of the cam wheel, switches for 570 

of the rotation, remains in the second position for 4570 of the rotation, and 

then switches back to the f i r s t  position during the remaining 570 of the cam 

wheel rotation. 

The nodding subdish mechanism has been se t  up in a permanent 

?abc?rztcry bench testing apparatus.  

a sho r t  period of t ime to observe the operation a t  low speeds (1 to 2 cycles 

p e r  second).  The speed of operation was then increased,  and close visual 

The mechanism was operated slowly for  

and audio observations were  made with regard  to resonances,  vibrations, 

possible  surface deformation, and cam wear .  Although operation was ex- 

t r eme ly  noisy a t  8 cps (the maximum tested so  f a r ) ,  no m i r r o r  surface 
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Figure  6 - Back view of subdish assembly  showing m i r r o r  
stiffening ring, bear ing holders ,  c a m  follower, 
c a m  wheel, counterweight, indexing plate, and 
t r ipod head 
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Figure  7 - Cam wheel showing symmet r i ca l  cam t r a c k s  

F igure  8 - Exploded view of hyperbolic ref lector  mount, 
1. to  r. : 
main  housing 

s leeve for  main shaft, t r ipod  head 
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Figure 9 - Focussing and dr ive unit showing universal  
joint for external dr ive,  mi te r  gear housing, 
focussing sc rew and gear ,  focussing spring, 
indexing plate, and bearing holders 

Figure 10 - Focussing unit showing focussing motor ,  
focussing gears  and screw,  and focussing 
spring 
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deformations o r  c a m  follower distortions were  noted using a strobe light 

to "freeze" the motion of the mechanism during operation. 

t ime it i s  f e l t  that operation a t  6-1/6 cycles per  second (a relatively smooth 

operating pointj is possibie I 'ruru Lcj ih  hi: c ? e z t ~ e n i c  acd rr=e-,h-.nicz! stzzli- 

point. 

At the present  

3 .  R F  Performance - Antenna pattern measurements  have 

0 
been taken using the tilted hyperboloid in one stationary position tilted 2 

f r o m  its symmetr ic  position (axis of hyperboloid colinear with axis of 

paraboloid). 

4O. 

the deviation of the beam f r o m  its symmetr ic  position i s  27. 75 minutes of 

arc .  

The total excursion f r o m  one extreme of tilt  to the other is 

The total beam shift between ex t remes  i s  55. 5 minutes of a r c .  Hence, 

Figures 11 and 12 show the s ta t ic  antenna patterns measured with the 

subdish tilted to its Z0- off -axis position. 

the pat terns  measured  for  the symmetrical  geometry does not reveal 

significant aberrat ions such a s  excessively high sidelobes or  beam broadening. 

Comparison of these patterns with 
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IV. SOLAR OBSERVATIONS 

Sixteen 3. 3 mm observations of the sun were car r ied  out on 

February  8, 1966. 

vational techniques (Ref. 1). Eight observations pr ior  to meridian t ransi t  

yielded TS / TGT = 3. 07 z. 16 (p. e. ), where ' l 'k is the equivaient biackbvciy 

antenna disc temperature  of the sun and TGT was the equivalent excess  noise 

temperature  of the gas  tube at  the output of the waveguide switch. The eight 

observations following meridian transit  yielded T '  / TGT = 3 .  16 L e  03 (p. e. ). 

Averaging these two values (to allow for the possibility of a uniform ra t e  of 

change of atmospheric loss )  yielded T I / TGT = 3. 12 k. 08 (p. e.). Calibra- 

tion of the equivalent excess  noise temperature  of the gas tube at the output 

of the waveguide switch yielded TGT = 1181.3 k l l .  4 OK. 

The observational technique was identical to past  obser- 

, 

S 

(The gas tube 

output passed through a 10-db directional coupler 

This  resul t  then yielded TI = 3683.2 & l o o .  9 OK. 

d i sc  temperature  of the sun, TS, is then obtained 

S 

into the main r f  path. ) 

The equivalent blackbody 

by dividing TS by the 

beam correct ion factor (BCF) which was measured to be 0.58 for a solar 

radius  of 1611511. The final result  of this measurement was TS = 6378. 97 

2174. 7 OK. 

During the eight post-transit  observations on February  8, the obser-  

vations were also calibrated directly with the hot reference loads that were 

used to calibrate the gas  tube, which served a s  a t ransfer  standard. 

r e su l t s  of this calibration technique yielded TS = 6277.6 2230. 7 K. 

The 

0 

Following the observations of February  8, the Tucor, Inc. gas tube was 

replaced with an ITT, Inc. gas tube. It was expected that the new gas tube 

-20-  



. 
would provide m o r e  stability in the magnitude of the calibration pulses. Then 

on five days (February  12 ,  16, 17, 18, 1 9 )  pre-  and post-transit  observations 

were  made. A typical set  of data is plotted in Figure 13. Averaging and 

reduction of the data taken on these five days yielded: 

Date 

February  12 
February  16 
February  1 7  
February  18 
February  19  

6372. 7 
6655.3 
6272. 0 
6190.2 
633 1 . 2  

P. E. (O K )  

89.5 
46.8 
41.9 
54.0 
90 .6  

The average of these five values, weighted inversely as the probable e r r o r ,  

is T 

6402 K (Ref. 6). It should be  noted that the probable e r r o r  quoted is s ta t is-  

= 6375. 1 f 61.6 OK. This value i s  not far f rom the 3.2 mm value of 
S 
0 

tical only. It does not include the large uncertainty involved in the determina- 

t i o n  of the BCF which brings an additional uncertainty of 7 - 9 70. 

- 2 1 -  
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Figure 13 - 16 February  1966 Solar Data (0857 - 1104 PST) 
with "Best - f i t "  Straight Line Approximation 

= 3.585 0.022 (p. e . ) ;  L = 1.083 ? 0.004 (p. e . )  TB 'Tc;T 0 
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V. LUNATION OBSERVATIONS 

A se r i e s  of lunation observations was ca r r i ed  out f rom the period 4 April 

Useful data was obtained on only 23 dates in this period, due to bad to 10 July. 

weather and a frequent lack of observing personnel. The observing technique 

is s imi la r  to that used for  a s imilar  experiment (Ref. 1). Calibration proce- 

dures were  ca r r i ed  out each day, using both an ITT, Inc. and a Tucor, Inc. g a s  

tube. The calibration technique is also described in Ref. 1. 

Since it was necessary to obtain a Beam Correction Factor in order  to 

convert the antenna temperatures  into equivalent blackbody disc temperatures  

of the moon, it was necessary to  remeasure  the antenna gain and pattern. 

slightly higher gain and somewhat narrower beamwidth were  measured than 

previously. 

A 

The resulting lunation curve is plotted in Figure 14. 

curve with the previous lunation curve (FigureV-9,  p. 54, Ref. 1) indicates a 

reduced sca t te r  of data points as  well a s  a reduced uncertainty for each data 

point. 

off cycle and taking m o r e  data points. 

14 is the resul t  of averaging both pre- and post- t ransi t  data. 

s ca t t e r  of the data points in Figure 14 is attributed pr imari ly  to  changing 

atmospheric  loss  ra ther  than to experimental uncertainty. 

changes in atmospheric loss  during the course of a s e r i e s  of observations can 

frequently produce misleading data. The process  of averaging pre-  and post- 

t r ans i t  data usually resu l t s  in smoothing the scat ter  but does not eliminate it. 

Comparison of this 

The increased accuracy was obtained by increasing the period of the on- 

In addition, every data point in Figure 

The resulting 

It is evident that 
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APPEND1 X 

U I M E N S I O N  S U M ( ~ ) T S U M T ( ~ ) T U A T E ( ~ Z )  

READ I N P U T  TAPE 59 1 0 0 1 ~  LOOPA, LOLJPbr I P K h T  
READ I N P U T  TAPE 59 ~ ~ ~ ~ T T H E S ~ U ~ L T H ~ T T H E ~ U ~ ~ I  
READ I N P U T  TAPE 59 ~ ~ ~ ~ T P H I S T ~ ~ L P H I , P H I I \ I U I ~ I  
KEAD I N P U T  TAPE 5, ~ ~ ~ ~ T T H E O T C E P T E T A L P H A T C ~ Y ~ T C A Y ~ T C A Y U F  

1 KEAD I N P U T  TAPE 5 9 1 0 0 0 9 0 A T E  

LPRNT=O 
LOO PA= (LOO PA/  2 1 * 2  
LOOPB= ( LOOPB/2 1 + 2  
P I = 3 . 1 4 1 5 9 2 6 5  
P I 2 = 6 . 2 8 3 1 8 5 3  
P I H = l .  5 7 0 7 9 6 3  
DEG=O - 0  1 7 4 5  3292 5 
R A D ~ 5 7 . 2 9 5 7 7 9 5  
WRITE OUTPUT TAPE 6 9  40009 D A T t  
WRITE OUTPUT TAPE 6 9 5 0 0 0  
WRITE OUTPUT TAPE 6 9  5 0 0 1 9  THES, D t L T H k  
WRITE OUTPUT TAPE 6 ~ 5 0 0 2 ~ p H I s v D k L P H I  
WRITE OUTPUT TAPE 6 ~ 5 0 0 3 , T H E U , c t P , t t A L P "  
WRITE OUTPUT TAPE ~ T ~ O ~ ~ T C A Y X T C A Y Z T C A Y O F  
ALPHA=ALPHA*DEG 
THES=THES*DEG 
DELTHE=DE LTHE*DEG 
P H I S = P H I S + D E G  
THEO=THEO*DEG 
DEL PH I =D E LPH I *D EG 

TEMP=D ELTH3*RAD 

S I N A = S I N F ( A L P H A )  
COSA=COSF ( A L P H A )  

J F K = THE NUM 
L B  J=PH INUM 
A=LOUPA 
B=LOOPB 
D E L = (  B-4.0) / A  
LOOPA=LOOPA+l  
DO 900 L = l , L B J  
P H I = P H I S + D E L P H I * F L U A T F (  L - 1 )  
TEMP=PHI*RAD 

DELTH3= ( P I - T H E U )  / F L O A T F (  LOOPA) 

WRITE OUTPUT TAPE 69 5005,DELTH3,TEkP 

K l = D  EL T H 3 /  3.0 

WRITE OUTPUT TAPE 6 9 6 0 0 0 ~ p H 1 ~ T E M P  
WRITE OUTPUT TAPE 696001 
WRITE OUTPUT TAPE 6 9 6 0 0 2  
S I N P = S I N F  ( P H I  1 
CnSP=COSF (PHI I 
DO 800 K = l , J F K  
T H E = T H E S + D E L T H E * F L O A T F ( K - l )  
S I N T = S I N F ( T H E )  
COST=COSF ( T H E  ) 
CTCP=CO ST*CO SP 
DO 3 0  1 ~ 1 ~ 4  

30 S U M T ( I ) = O . O  
CTSP=COST*SIN P 
I F  ( I P K N T )  349 3 5 9 3 4  

34 L R U N = l  
W R I T t OU T P UT T A P E 

XCOST TCTCP 9 THE T DEL 
6 9 7 000 9 LR U IV S I I\( A 9 S I 1\1 P T S I NT T C T S P t C b 5 A t CUSP T 

3 5  L L = 1  
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I '  

DO 600 J = l r  LOOPA 
F L O  AT=J-  1 
THE3=T HEO+D E L T H 3 s F  LOAT 
NN=B+0.5-DEL*FLOAT 
NN= (NIV / 2  1 * 2  
D E L  PH3= P I 2 / F  LOATF ( IVN 1 

1V N = NN + 1 
S I N T 3 = S I N F ( T H E 3 )  
COST3=COSF ( T H E 3 1  

C AY RO 3=-CE P / T 1  
CAY Z 3=CAY RO 3*CO ST 3 
ECOST3= E+COST3 
S A E C T 3 = S  I N A * E C O S T 3  
FTHETA= SI N T 3 /  ( T l * T  11 
R3=FTHETA*RZ 

RZ=DELPH3/3 .0  

T 1= 1 oO+E*CO S T 3  

R 4 = R 3 * 2  00 
R5=R 384 0 
DO 40 I = l r 4  

I F ( I P KN T 1 41 
40 SUM( I ) = O o O  

42 9 41 
4 1  L R U N = 2  

TEMP=DELPH3*RAD 
W R I T E  OUTPUT T A P E  69700 1, LKUN, T H E 3 9  T1, C A Y K 0 3  ,R3 t S  I N T 3  ,ECOST3, 

XCAY Z 3 9 R 4 9 C O S T 3 ,  SAECT39  F T H E T A y K 5 ,  D E L P H 3  ,TEMP 
42 K K = 1  

DO 400 I = l , N N  
P H I 3 = D E L P H 3 * F L O A T F  (1-1) 
S I N P 3 = S I N F ( P H I 3 )  
COSP3=COSF ( P H I 3 1  
S T 3 C P 3 =  S I N T 3 * C O S P 3  
S T 3  SP 3= S I N T 3 *  S I N  P 3 
CAY X 3=C AY RO 3*S  T 3 C  P 3  
CAYY 3=C AY RO 3* S T 3 S  P 3 
C AYX 1=CAY X3*COSA-CAY z3*51 NA-CAYX 
CAYY 1 = C A Y Y 3  

.CAY Z 1=CAY X 3 *  S I N A+CAY Z3*COSA-CAY 2 
T2=CAYX 1*::2+CAYY 1**2 
C A Y R O l = S O R T F  ( T 2 + C A Y Z 1 * * 2 )  
T3=SOKTF ( T 2  1 
THEl=PI-ATANF(T3/ABSF(CAYZl) 1 
P H I  l = A C O S F  ( A B S F  ( C A Y X 1 )  / T 3 1  
I F  (CAYX 1 )  70 9 509  5 0  
I F  ( C A Y Y  11609 100, 100 5 0  

6 0  P H I  1 = P I  2 - P H I  1 
GO TO 100 

80 P H I l = P I + P H I l  
GO T U  100 

9 0  P H I l = P I - P H I l  

70 I F ( C A Y Y 1 ) 8 0 , 9 0 , 9 0  

100 C A Y X 2 = C A Y X 1  
CAYY 2=CAYY 1 
CAY Z2=CAYZ l + C A Y O F  
C A Y R U Z = S Q R T F ( T 2 + C A Y Z 2 * * 2 )  

110 T H E 2 = P I - A T A N F ( T 3 / A B S F ( C A Y Z 2 ) )  

120 T H E Z = A T A N F ( T 3 / C A Y Z 2 )  

I F  ( C A Y Z 2 )  110,130,120 

GO TO 140 
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GO T U  140 
130 T H E 2 = P I H  
140 P H I 2 = P H I 1  

CC =C U SA* ST 3 C P 3- 5 i i1 A*  EC US T 3 
D D = S T 3 S P 3  
E E = S I IV A* S T 3 C P  3+CU SA:: E C  US T 3  
S I N T  l = S I N F  ( T H E 1  1 
COST l = C O S F  ( T H E  1) 
“ A * . .  ~ T ~ l D 1 = ~ ! N F ( P H I 1 )  
COSP l = C O S F  ( P H I  1) 

G G = C U S T l * S  I N P  1 * S I  NP l - C O S P l * C O S P  1 
HH=-S I N  T A *  S I N P 1 
T4=DD*HH-E E*GG 
T 5=EE*F F-CC*HH 
T 6 = C  C * GG -DD *F F 
AM =T4*C T C P + T 5* C T 5 P -T 6* 5 1 N T 
AN=T 5 *CO SP-T4*  S I N P 
C A L L  U P T I O N ( T H E l , A N S , L )  
AA=ANS 

BB=ANS 
T 7 = C A Y  R O 3 / C A Y  RO 1 
G l = T 7 * A M  
G 2 = T 7 * A N  
T 8 = C O S F ( P H I - P H I 2 )  
T 9 = S I N T * S I N F  ( T H E 2 1  
S l = C O S T * C O S F  ( T H E 2  
H = C A Y K 0 2 * (  T 9 * T B + S l ) - C A Y R O l  
S I N H = S I N F  ( H I  
COSH=CO SF ( H 1 
S Z = A A * C O S H - B B * S I k H  
S3=BB*COSH+AA*SINH 
I F  ( 1 - L O O P 6 1  170,2001 170 

FF=(l.O+COSTl)*SINPl*CUSPl 

C A L L  O P T I O N (  THE 1, ANS, L )  

170 GO T 0 ( 2 0 0 , 2 2 0 , 2 4 0 ) , K K  
200 SUM( l ) = S U M (  1 ) + G l * S 2  

SUM ( 2 ) = S U M  ( 2 1 + G l * S 3  
SUM ( 3  1 =SUM ( 3 )  + G 2 * S 2  
S U M ( 4 ) = S U M ( 4 ) + G 2 * S 3  
K K = 3  
GO TU 300 

2 2 0  SUM( l ) = S U M ( l ) + G l * S 2 * 2 . 0  
SUM ( 2 ) =  SUM ( 2 1 +G 1 * S 3 *  2.0 
SUM ( 3 )=SUM ( 3 1 +G2* S 2 * 2  0 
SUM ( 4  )=SUM ( 4 )  +G2*S3*2 .0  
K K = 3 ,  
GO TU 300 

SUM ( 2  )=SUM ( 2  1 + G l * S 3 * 4 . 0  
SUM ( 3  1 =SUM ( 3 )  +G2*S2*4.0 
SUM ( 4  )=SUM ( 4 )  +G2*S3*4.0 
K K = 2  

2 4 0  SUM( l)=SUM( l ) + G l * S 2 * 4 . 0  

300 I F ( I P K N T ) 3 0 5 , 4 0 0 , 3 0 5  
305 L K U N = 3  

W R I T E  OUTPUT T A P E  6,7002, LRUIV, P h I 3 , T H t l  , S I N T l , C A Y X l , S I ~ P 3 ~ T H E 2 ~  

W R I T E  OUTPUT T A P E  ~ , ~ ~ ~ ~ , S T ~ C P ~ , P H I Z , C U S ~ ~ , T ~ , ~ T ~ S ~ ~ , C A Y X ~ T  

W K I T E  UUTPUT T A P E  6,7004,T8,T9,Sl ,SZtS3rCAYX2,CAYX~,CAY~Ul ,~A,H,  

XCOST 1, CAYY 1, COSP3 P H I  1, S I  N P l ?  CAY 2 1  

XCAYY 3 T 3  1 T 4 ,  T 5, T 6  T 7  
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X C A Y Y 2 , G l q B B  

XDD 
W R I T E  OUTPUT TAP E 6 7 0 0  5 S I  NH, C A Y  L 2  G2 C C  , C USH A M  9 AI\ 

WRITE OUTPUT TAPE 6 , 7 0 0 6 , S U M ( l ) , S U M ( 2 )  , S U P I ( 3 ) , S U M ( 4 ) ,  
EE 9 FF ,GG (HH,  CAYR02  

X S U M T ( ~ ) , S U M T ( ~ ) , S U I " I T ( ~ ) ~ S U M T ( ~ )  
L P R N T = L  PRNT+ 1 
I F ( L P K N T - I  P RN T 1 400 , 4 0 0  9 3 10 

3 1 0  I P R N T = O  
+UU C.OiiT i1iUC 

420 GO T 0 ( 4 4 0 , 4 6 0 , 4 8 0 ) , L L  
I F ( J-LOOPA I 4 2 0  9 4 4 0  4 2 0  

440 S U M T ( l ) = S U M T ( l ) + S U k (  1 ) * R 3  
SUMT ( 2  ) = S U M T (  2 )  +SUM( 2 )  * R 3  
SUMT ( 3 I = SUMT ( 3 ) + S U k  ( 3 1 *R3 
SUMT ( 4 ) = S U M T ( 4 ) + S U W ( 4 ) * K 3  
L L = 3  
GO TO 600  

460 SUMT(  l ) = S U M T (  l ) + S U M (  1 
SUMT ( 2  ) = S U M T (  2 )  +SUM( 2 
SUMT ( 3 )  =SUMT ( 3 )  +SUM( 3 
S U M T ( 4 ) = S U M T ( 4 ) + S U M ( 4  
L L = 3  
GO TO 600 

* R 4  
* R 4  
* R 4  
*u4 

4 8 0  S U M T ( l ) = S U M T (  l ) + S U M (  1 ) * R 5  
SUMT ( 2 1 = SUM T ( 2 1 +S UP1 ( 2 1 *R 5 
S U M T ( 3 ) = S U M T ( 3 ) + S U M ( 3 ) * R ! 5  
S U M T ( 4 ) = S U M T ( 4 ) + S U M ( 4 ) * R 5  
L L = 2  

6 0 0  C O N T I N U E  
DO 650  1 ~ 1 9 4  

6 5 0  S U M T ( 1  ) = S U M T (  I ) * K 1  
TEMP=THE*RAD 
T l = S Q K T F  ( S U M T (  l ) * * 2 + S U M T (  2 ) * * 2  1 
T 2 = S Q K T F  ( SUMT ( 3 1 * *2+SUHT ( 4 )  * * 2  1 
WRITE OUTPUT T A P E  6,6003,THE,TEl' IP,SUMT( 1)  p S U k T ( 2 )  , T l , S U M T ( 3 )  

X S U M T ( 4 )  t T 2  
800 C O N T I N U E  
900 .CONTINUE 

GO TO 1 
1000 FORMAT( 1 2 A 6  1 
1001 F O R M A T ( 1 4 1 5 )  
1002 
4000 

FORMAT ( 7 F  10 00 1 
FORMAT ( 1 H l c  30x7 1 2 A 6 )  

5000 FORMAT(  3 9 H O I N P U T  PARAMETERS AND CGIVTRUL CUIVSTANTS) 
5 0 0 1  FORMAT ( 7 H O T H E T A = F  1 2 . 5 9 8 H  DEGREES, 10x9 l O H I l \ C K E M t l ' I T = F l L * 5  1 
5002 FC!???*.T!SH P H I = F 1 2 * 5 , 8 H  D E G K E E S , 1 2 X , l O H I N C k E M E N T = F 1 2 . ~ )  
5 0 0 3  F O R M A T ( 1 O H O T H E T A ( O ) = F l 2 ~ 5 , l O X ~ ~ H K ~ ~ , ~ ~ , ~ ~ ~ ~ ~ ~ ~ : ~ ~  I O X * 1 H E p 8 X , l H = ,  

X F ~ ~ . ~ , ~ O X V ~ O H A L P H A  = F 1 2 . 5 )  
5004 F O R M A T ( 3 H  KX,6X,1H=F12.5,10X~2HKZ,7X~lH~Fl2o5~lOX,3HKOF~6X~ 

X 1H=F 1 2 0  5 1 

X )  
5005 FORMAT(21HOOUTER I N T E G K A L  S T E P = F 1 2 . 5 , 1 0 H  KADIAIVS = F l l * 5 9 8 H  DEGREES 

6 0 0 0  FORMAT ( 5 H l P H I = F  1 2 . 5 9 9 H  R A D I A N S = F 1 2 *  598H D t G K E E S  1 
6001 FORMAT(  l H O , 1 3 X v 5 H T H E T A ,  31x9 7 H f  T H t T A , 4 0 X , 5 H E  P H I  1 
6002 F O R M A T ~ 1 H O ~ 5 X ~ 7 H R A U I A N S ~ R X , 7 H ~ € G K t t S ~ l l X ~ 4 H K E A L ~ 6 X ~ Y H l M A G I N A R Y ~ 6 X ~  

X 9HM AGN I TU D E y 1 1 X 4H K E A L 6 X 9 H I PIA G I IV A K Y 6 X 9 HM A GlV I TU D t / 1 H I 
6 0 0 3  F O R M A T ( 8 F 1 5 . 8 )  
7 0 0 0  F O R M A T ( l H O 9 1 2 , 4 X , 7 H S I k A  = F 1 5 . 8 , 8 X , 7 H S I N P  = F l 5 . 8 , 8 X , 7 H S I N T  = F 1 5 o  

X 8 9 8 X 9 7 H C T S P  = F l 5 * 8 / 7 X , 7 H C O S A  = F 1 5 * 8 , 8 X , 7 H C O S P  = F l 5 o 8 p 8 X v 7 H C O S T  
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